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Foreword
The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
One of the greatest challenges faced by waterresources scientists is acquiring reliable information that will guide the use and protection of the Nation's water resources. That challenge is being addressed by Federal, State, interstate, and local water-resource agencies and by many academic institutions. These organizations are collecting water-quality data for a host of purposes that include: compliance with permits and water-supply standards; development of remediation plans for specific contamination problems; operational decisions on industrial, wastewater, or water-supply facilities; and research on factors that affect water quality. An additional need for water-quality information is to provide a basis on which regional-and national-level policy decisions can be based. Wise decisions must be based on sound information. As a society we need to know whether certain types of waterquality problems are isolated or ubiquitous, whether there are significant differences in conditions among regions, whether the conditions are changing over time, and why these conditions change from place to place and over time. The information can be used to help determine the efficacy of existing water-quality policies and to help analysts determine the need for and likely consequences of new policies.
To address these needs, the U.S. Congress appropriated funds in 1986 for the USGS to begin a pilot program in seven project areas to develop and refine the National Water-Quality Assessment (NAWQA) Program. In 1991, the USGS began full implementation of the program. The NAWQA Program builds upon an existing base of water-quality studies of the USGS, as well as those of other Federal, State, and local agencies. The objectives of the NAWQA Program are to:
Describe current water-quality conditions for a large part of the Nation's freshwater streams, rivers, and aquifers. Describe how water quality is changing over time. Improve understanding of the primary natural and human factors that affect water-quality conditions. This information will help support the development and evaluation of management, regulatory, and monitoring decisions by other Federal, State, and local agencies to protect, use, and enhance water resource?
The goals of the NAWQA Program are being achieved through ongoing and proposed investigations of 60 of the Nation's most important river basins and aquifer systems, which are referred to as study units. These study units are distributed throughout the Nation and cover a diversity of hydrogeologic settings. More than two-thirds of the Nation's freshwater use occur? within the 60 study units and more than two-thirds of the people served by public water-supply systems live within their boundaries.
National synthesis of data analysis, based on aggregation of comparable information obtained from the study units, is a major component of the prograrr This effort focuses on selected water-quality topics using nationally consistent information. Comparative studies will explain differences and similarities in observed water-quality conditions among study areas and will identify changes and trends and their cause?. The first topics addressed by the national synthesis are pesticides, nutrients, volatile organic compounds, and aquatic biology. Discussions on these and other waterquality topics will be published in periodic summaries of the quality of the Nation's ground and surface water as the information becomes available. Use of trade names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.
Introduction
The USGS began full implementation of the NAWQA Program in 1991. The goal of this program is to collect reliable and nationally consistent information on the status of and trends in the quality of the Nation's water resources, and to provide scientifically valid explanations of these conditions and trends (Cohen and others, 1988, p. 1147) . Much of the data collected will come from 60 hydrologic regions called study units. The part of the Red River of the North drainage basin in the United States (hereinafter referred to as the Red River Basin) is one of these 60 study units. An intensive ground-water data collection phase for the Red River Basin study unit began in 1993 and continued through 1995. Figure 1 shows the location of the study unit and of the wells sampled. Data from the study units will be compiled in a national data base. National synthesis teams will review and make larger-scale assessments and interpretations of the data.
Purpose and Scope
The purpose of this report is to describe the groundwater sampling protocols, sampling equipment, field data-collection techniques, and quality-control data used during the intensive data-collection phase of the Red River Basin NAWQA study. This report describes (1) methods used to prepare wells for sampling, (2) equipment used, (3) sample collection procedures, (4) shipping and storage of the samples, (5) equipment cleaning procedures, (6) and types of quality-control samples collected, with a summary of the qualitycontrol data.
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Well Description and Development
Ground-water sampling for the NAWQA Program was designed to investigate study areas at several different spatial scales. A large-scale study-unit survey was done to provide an overview of the water quality. Wells included in this study were selected from preexisting wells screened in surficial and buried aquifers. Pre-existing wells were privately owned domestic wells, farm wells used for livestock and irrigation, and smallbusiness wells.
On a more geographically limited scale, a land-use study was done to consider the effects of human activities on the quality of the ground water. Wells selected included pre-existing, privately owned wells and observation wells drilled for this study.
The pre-existing wells were chosen from wells which met the following criteria:
(1) The depth and type of well screen, or open interval, was known.
(2) The casing material and well diameter were known.
(3) The stratigraphy of the bore hole, usually recorded on a well log, was known to determine if the well was screened in a surficial or buried aquifer.
(4) The water, at the sampling point, was untreated.
A small-scale study was done to monitor changes in water quality along defined flowpaths to determine landuse effects (Stoner and Lorenz, 1995) . Two flowpaths through surficial aquifers (located in the land-use study area) were investigated. All wells for the flowpath study were drilled by study-unit personnel.
Seventy-five wells were drilled for this study using a hollow-stem rotary hydraulic auger drill rig. Drill cuttings from the bore holes were described and collected for archival. Cores were collected in polycarbonate tubing at several sites. The drilling equipment was cleaned between each site using a steam cleaner or a commercial self-car-wash facility to minimize the possibility of cross contamination between well sites. Observation-well construction for this study is shown schematically in figure 2. The well casing used was flush-threaded 2-inch inside-diameter (ID), poly vinyl chloride (PVC). Two types of screens were used. The majority were 5-ft-long, flush-threaded, machine-slotted (0.010 slot), PVC screens. Sandpacked PVC screens were used for nine wells finished in silty-sand aquifers. Washed medium to coarse sand was used to backfill the hole around the well screen. Bentonite grout was pumped into the annular space above the sand pack. A 6.5-inch ID diameter, 7-ft-long protective steel casing was placed around the PVC casing at the land surface to protect the well. This protection pipe was cemented in place to divert surface drainage away from the well. An aluminum locking cap was installed on the top of the pipe.
Wells installed for this study were developed. Well development refers to any of several techniques used to remove particles and sediment from the bottom of the well, the well screen, and the formation immediately surrounding the well screen. Wells were developed to remove excess fine-grained particles from the screen and well for the following reasons:
(1) Analytes could adsorb to sediment in the water, making it difficult to obtain a sample that is representative of the ground water;
(2) Particles could fully or partially clog the well screen, preventing a good hydraulic connection between the well and the surrounding formation. (This is important because it allows the water in the surrounding formation to enter the well from the whole or most of the screened interval, not a restricted area); and (3) Fine-grained particles will wear out sampling pumps and clog filters used to collect samples.
The wells were developed by pumping with a hand pump and/or a gas powered centrifugal pump. When the water being pumped from the well began to clear, some native water was poured back into the well. This was done to suspend particles in the water so they could be pumped from the well. A hand pump was often used to begin pumping the well. A hand pump was used because it would pump sediment-laden water without clogging or being damaged. The hand pump was used until the water visibly began to clear or the well was pumped dry.
If the well pumped dry it was allowed to refill with water and was pumped again. While pumping, native water from the well was collected in a bucket and was poured back into the well. This was done to reduce the time needed for the well to recharge with water. If the water level was less than 25 ft below land surface, and the well produced enough water, a motorized centrifugal pump was used to pump the well for a longer period of time, 0.5-1.5 hours. During pumping, a visual description of the water clarity, flow rate, and volume of water pumped was recorded. Flow rate was measured using a graduated water bucket and a stop watch. Waterlevels were measured before and after the well was pumped to determine water-level recovery. Water-level recovery was an indicator of production-zone permeability and an adequately developed well. It was necessary to redevelop some wells that had not been pumped for 8 to 12 months before samples were collected.
Sampling Methods
The sampling equipment ( fig. 3a and 3b ) and procedures used in the Red River Basin study were based on the ground-water sampling protocols of the NAWQA Program (Lapham and others, 1995; and Koterba and others, 1995) . A list of the equipment used for sampling is contained in the Supplemental Information section at the end of this report.
Sample Collection and Processing
The sampling equipment was designed to minimize contact between atmospheric, ambient conditions, and the sample water. The samples were collected in one of two vehicles equipped specifically for this study (fig. 4) study sampling, for analysis of nutrients, major ions, dissolved organic carbon, tritium, and stable isotopes (deuterium and oxygen-18).
The submersible-sampling pumps used were, Keck model SP-87, Grundfos Redi-Flow II pumps, or the pump present in privately owned pre-existing wells. The Keck pump was used for most of the 1993-95 intensive-sampling period. The Keck and Grundfos Redi-Flow II pumps were equipped with a variable flow rate control. The Keck pump was powered by a deepcycle marine battery. The Grundfos pump was powered by a 120/240 volt 20 ampere gas-powered generator. The generator was transported in a trailer and was operated 30 to 40 feet downwind of the sampling site to avoid contamination from the exhaust.
Privately owned wells were sampled from an outside tap to ensure that the water did not pass through a water softener, or other water-treatment procedures. If a sample was collected after a pressure tank, the pressuretank volume was included in the volume of water to be purged before sampling the well. A disposable, plastic threaded adapter was used to connect the tap to the Teflon tubing that was connected to the flow manifold.
Prior to sampling a well, a static water level was measured, if possible. In some wells, it was not possible to measure water levels because of submersible pumps in the well casing. The water level reported by the driller on the well log was recorded. Then aluminum foil or the plastic bag covering the pump was removed and the pump was lowered into the well 1 to 2 ft below the water level. The tubing from the pump was connected to the flow manifold and the flow of water was directed through the flow manifold to a waste line. A stop watch and a graduated bucket were used to determine the flow rate. The volume of water in the well was determined, based on the water-level measurement, the well diameter, and the depth of the well. The time needed to purge three well volumes of water was calculated using the flow rate and the volume of water in the well. A standard field form ( fig. 5 ) was used to record the field data.
Initially the pump was set to a high flow rate to quickly purge the well. The flow rate was reduced after the calculated purge volume had been pumped prior to field parameter measurements. The field parameter measurements included air and water temperature, pH, specific conductance, DO, alkalinity, and barometric pressure.
A Hydrolab Scout II fitted with a flow-through cell was used to measure the field parameters during the 1993 field season. A Geotech flow-through cell with an Orion model 250A pH meter, equipped with either a silver/silver chloride (Ag/AgCl) electrode or a Ross combination electrode; an Orion model 124 conductivity meter; and a dissolved oxygen meter were used during the 1994 and 1995 field seasons. The temperature probe on the pH meter was used to measure the water temperature.
The meters were calibrated with fresh conductivity standards and pH buffers daily before sampling and the calibrations were checked at the end of each day. The calibrations were recorded in a log book kept for each meter and on the field form for the first site sampled each day. Field parameter meters and standards were not stored in the sampling vehicles when not on a sampling trip, because excessive heat or cold could damage the meters or affect the values of the standards.
When monitoring field parameters, the flow rate was adjusted to 1 gal/min to reduce turbidity, and flow was diverted from the waste line to the flow-through cell.
Water entered the flow-through cell at the bottom and flowed out at the top. The flow rate was adjusted to 0.4-0.6 gal/min before beginning to collect samples. The well was pumped at this rate until all of the samples had been collected and a final set of field parameters had been recorded.
The DO meter was considered accurate to 0.2 mg/L. In cases where this low concentration was reached, the water was checked for a hydrogen sulfide gas (rotten egg) smell. If hydrogen sulfide was detected, the DO probe was removed from the flow-through cell to prevent fouling.
Sample water with 0.2 mg/L or less DO was considered anoxic and the samples were collected using the following reduced-oxygen sampling-environment protocols. Nitrogen gas was used to displace the oxygen in the sample bottle, which could chemically alter the low-oxygen sample water. The nitrogen gas was passed through drierite (calcium sulfate), a desiccant, to remove any moisture from the gas, then through corrugated Teflon tubing into the sample collection chamber. The uncapped sample bottles were held inverted, the tubing was placed into the bottle near the bottom, and the nitrogen gas was pumped into the bottles for 10-20 seconds. The bottle was considered to be filled with nitrogen gas. The inverted bottle was quickly capped. The samples were collected while the bottle was held under a rigid polycarbonate bell with nitrogen gas continuously pumped into the bell to displace any air.
The sample collection order, analytical laboratory schedules, and related information for the ground-waterquality samples are summarized in table 1. Note that for some schedules more than one bottle is collected. QC replicate and triplicate samples were collected in the same order. QC blank sample order is summarized in table 2. The capsule filter was changed between collection of ground-water-quality and QC samples.
Most samples were collected in a sample-collection chamber, which was covered with a clear plastic bag. The sample-collection chamber and the samplepreservation chambers were frames made out of 0.5 inch ID PVC pipes and elbows fastened with nylon screws. Powder-free latex gloves were worn while sampling. Additional information on NAWQA sample collection protocols, are described in Koterba and others (1995) .
Sample collection protocols for VOC, radon, tritium 3 18 16 (H ), and stable isotopes (Oxygen /Oxygen and deuterium/protium, H /H ) are briefly discussed below because of their special collection requirements.
The VOC sample was collected first to avoid overpurging the well and thereby collecting a nonrepresentative sample. The VOC sample was collected unfiltered and in triplicate.
A 40-mL clear glass sample vial was held with the Teflon tubing near the bottom of the vial. The vial was not rinsed. The vial was slowly lowered as it filled with sample water. Care was taken to avoid creating air bubbles while collecting the sample as aeration of the water can affect the VOC concentration, due to volatilization. The vial was allowed to overfill creating an inverted meniscus at the top of the vial. The vial was capped, inverted, and tapped to check for air bubbles. If any air bubbles were found, the vial was discarded and a new sample was collected. The VOC samples were chilled with ice.
The radon sample was collected outside of the sample collection chamber from a special assembly using a syringe ( fig. 6 ). The assembly was fitted with a flow valve used to constrict the flow of water against a septum through which a needle was inserted to collect the sample. The septum on the radon assembly was held so that it pointed downward to prevent any air bubbles from accumulating. The flow valve was partially closed so pressure was exerted on the septum. The syringe was inserted into the septum. The valve on the radon assembly was closed further until the syringe could be filled with sample water with minimal effort. A minimum of 20 mL of sample water was used to rinse the syringe. Another 20 mL of water was collected. The syringe was withdrawn from the septum, held vertically, and 5 mL of sample water was forced out to Proj. Name, No.
Loc. Well No.
5F?5
Site I.D. (00010) Temp. Air (00020) pH (00400) Sp. Cond. (00095) Dis. Oxy. (00300) DO Sat. (00301) Bar. Press. (00025) Remarks WL = 16.72 -2.1O = 14.62 (31633) FC (31625) FS(31673) mm H9 Other: remove any air that may have been collected in the syringe. Two vials half filled with mineral oil were used to collect the sample. With the tip of the syringe in the mineral oil, near the bottom of the sample vial, 10 mL of water was slowly dispensed. Five mL of water was left in the syringe to assure the accuracy of the volume dispensed. The entire procedure was repeated with a second vial. The two vials were shaken for 30 seconds and shipped the same day to the laboratory.
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The tritium and stable isotope samples were both collected without rinsing the bottles. Also, both of the bottles were filled to overflowing and conical caps were used to avoid air bubbles in the sample.
All samples requiring chemical preservation were treated shortly after they were collected. Gloves were changed before beginning to use each type of preservative, and a separate preservation chamber was used for each type of preservative. All sample bottles were opened in the preservation chamber, treated, and immediately recapped. The samples that needed to be chilled were immediately placed in coolers filled with ice.
When the last sample had been collected, the flow of water was diverted to the flow-through cell. A final set of field parameters were recorded. The pump and the sampling equipment were cleaned using the field decontamination protocols, as described later in this report, and the alkalinity samples were titrated as described by Koterba and others (1995, p. 62) .
Alkalinity was determined on site by incremental equivalence titration, within several hours after the sample was collected. A Hach digital titrator, 1.6 normality (sulfuric acid titrant), 100 mL of sample water, an Orion 250A pH meter, a Teflon-coated magnetic spinbar, and a battery-powered magnetic stirrer were used (Koterba and others, 1995, p. 62-70) .
During 1994, two alkalinity samples were titrated at each site; a filtered (0.45 micrometer filter) and an unfiltered sample. Alkalinity values for 123 pairs of titrations were determined, representing a wide range (45-742 mg/L as calcium carbonate). The data from these two methods were very similar, with no detectable method bias. The lack of bias was confirmed statistically by a paired t-test. Differences in alkalinity between paired samples appeared to be within the precision of the method. The relative percent difference (100 x [unfiltered alkalinity -filtered alkalinity] / [unfiltered alkalinity + filtered alkalinity]) between unfiltered and filtered alkalinity ranged from -4.64 to 4.23 percent, with a mean of-0.047 percent. The number of filtered and unfiltered alkalinity data sets with a relative percent difference (absolute value) of less than 1.99 was 110. Therefore, beginning in November 1994, only filtered samples were titrated for alkalinity.
The samples were sent to the NWQL for analysis. The chilled samples were shipped in a cooler, with ice, daily from the field by a next-day delivery service. Samples with longer holding times were shipped at the end of the week (U.S. Geological Survey, Technical Memorandum 92.06, 1992). The tritium sample, stable isotope sample, and a duplicate major ions sample were archived in the Mounds View, Minnesota office of the USGS for possible analysis at a later date. A list of the supplies used to ship samples is listed in the Supplemental Information section at the end of this report.
Sample Filters and Bottles
Several types of filters were used to process groundwater samples. DOC samples were collected using an Osmonics, Inc., 0.45 Jim pore size, 47 mm diameter, silver filter held in a Gelman Sciences pressure barrel filtration unit.
A stainless steel filter unit was used to collect all of the filtered samples, except DOC, during the 1993 field season. A 0.7 Jim pore size, 142 mm diameter, prebaked, glass-fiber filter held on a stainless steel filtration unit was used to filter the pesticide samples. A 0.45 Jim, 142 mm diameter cellulose nitrate filter was used on the same filtration unit to collect the rest of the filtered samples.
The stainless steel filter unit was used only for pesticide sampling following the 1993 field season. The reasons for this were:
(1) The physical size of the stainless steel filter unit was large, making it difficult to use in the sample collection chamber.
(2) The filter unit had several parts with grooves and threads, which made it difficult to clean thoroughly.
(3) The filter unit was made of stainless steel, which became worn with continued use and cleaning. This made sealing the filter to avoid leaks increasingly difficult and could possibly allow unfiltered water to be collected along with the sample. Also, these worn areas were places contaminants could accumulate.
(4) This type of filter was prone to clogging (loading) due to sediment in the water, which led to a timeconsuming process of changing the filter.
(5) The filter could not be used to filter trace-element samples because of possible contamination from the metal filter unit. These problems were eliminated by the use of capsule filters (Horowitz and others, 1994) . Disposable 0.45 Jim Gelman capsule filters were used during the 1994 and 1995 field seasons.
Capsule filters and sample bottles were rinsed with DI water prior to sampling trips. The procedure for this rinsing, or pre-conditioning, is as follows:
(1) gloves were worn during the pre-conditioning;
(2) the capsule filters were rinsed with 1 liter of DI water; (3) the filter was held so that the rinse water entered the filter at the bottom and flowed out at the top to ensure that the whole capsule filter was filled and rinsed; (4) following this rinse, excess DI water was removed by shaking the filter; (5) the filter was double bagged with plastic bags and chilled on ice or in a refrigerator until use; and (6) pre-conditioned filters were used within 5 to 8 days.
Sample bottles were rinsed three times with DI water, filled half full with DI water, and recapped. The DI water was poured out in the sample-collection chamber just prior to the field rinse with sample water and the collection of the sample.
Field Trip Preparation
The following checklist outlines the preparation done before leaving for a field trip. Several of the items were done only when required, not before every field trip.
(1) Perform routine maintenance on the meters. 
Sampling Equipment Decontamination
Sampling equipment was cleaned weekly in the Mounds View, Minnesota office of the USGS before each sampling trip and between each sampling site in the field, to minimize the possibility of sample contamination by the equipment. QC samples were collected routinely to assess potential contamination by equipment or sampling procedures. A complete list of supplies used in the decontamination process is listed in the Supplemental Information section at the end of this report.
Office decontamination of sampling equipment (tubing, flow-manifold, pesticide filter, DOC filter, sample chambers, graduated cylinders, and beakers) included the following steps:
(1) Clean washbasins with a Liquinox-tap water solution, then rinse with tap water.
(2) Disassemble and soak equipment in a 2 percent Liquinox-tap water solution for 30 minutes. Cleaning the pump and pump tubing involved two people using a "clean hands", "dirty hands" method. One person wore gloves, handled the pump and the tubing, and was considered the "clean hands" person. This person avoided touching anything except the pump or the tubing. The "dirty hands" person assisted by turning the pump on or off, and refilling the standpipe with water as necessary (Horowitz and others, 1994, p. 8-9) .
Office decontamination of the sampling pump included the following steps:
(1) Place the pump in the standpipe and coil puim tubing into a clean washbasin.
(2) Fill the standpipe and washbasin with a 2 percent Liquinox tap-water solution.
(3) Soak pump and tubing for 30 minutes.
(4) Put on gloves.
(5) Wash the external surface of the pump tubing with a sponge or a non-metallic brush.
(6) Pump Liquinox tap-water solution through the pump tubing at least 5 times. This water may be recirculated after some water has been pumped completely through the line.
(7) When an adequate volume of water has been pumped (5 to 7 gallons), let the pump run until the water has been removed from the pump tubing. (14) Repeat steps 8 through 13 using DI water instead of tap water (15) If sampling for organics, repeat steps 8 through 13 using methanol (the methanol may be recirculated). Then repeat steps 8 through 13 again using DI water instead of methanol.
(16) Recoil the pump tubing on its reel.
(17) Wrap the pump in aluminum foil or plastic, if sampling for trace elements, and cover the pump tub; ng reel with a plastic bag.
The Gelman barrel DOC filtration unit was initially cleaned in a Liquinox tap-water solution followed by a tap and DI water rinse. QC blank samples collected following this cleaning showed problems with contamination. The barrel filter was then cleaned by rinsing it with DI water and wiping it dry with powderless tissue paper. The Liquinox detergent was determined to be the cause of the contamination. The DOC QC blank values are discussed at greater length in the Quality Control section of this report.
The equipment was also cleaned in the field between sampling sites. The procedures were the same as the office cleaning with the following exceptions:
(1) The exterior of the tubing on the flow-manifold was not washed.
(2) The equipment, pump, and tubing were not soaked.
(3) The Liquinox tap-water solution was reduced to 0.1 percent Liquinox.
(4) The acid, methanol, and second DI rinse were not done.
After the 1993 field season the sample-collection chambers were cleaned by rinsing with DI water and replacing the chamber bag. The sample-preservation chambers were cleaned and their chamber bags were replaced at the end of each week, not between each site.
Field decontamination of sampling equipment included the following steps:
(1) Place the sampling equipment in a clean washbasin.
(2) Fill the washbasin with a 0.1-0.5 percent Liquinox tap-water solution.
(3) Put on gloves.
(4) Wash all of the equipment with sponges and nonmetallic brushes.
(5) Change gloves.
(6) Rinse all of the equipment with tap water. (10) Place a clean bag on the sample collectior chamber between each site.
Field decontamination of the sampling pump included the following steps:
(1) Place the pump in the standpipe and coil the pump tubing into a clean washbasin.
(2) Fill the standpipe and washbasin with a 0.1 -0.5 percent Liquinox tap-water solution.
(4) Wash the external surface of the pump tubing with a sponge or a non-metallic brush.
(5) Pump Liquinox-tap water solution through the pump tubing at least 5 times; this water may be recirculated after some water has been pumped completely through the line.
(6) When an adequate volume of water has been pumped (5-7 gallons), let the pump run until the water has been removed from the pump tubing. (10) Pour out the water remaining in the standpipe and rinse it with tap water.
(11) Place the pump back in the standpipe and fill it with tap water.
(12) Pump tap water through the tubing until the Liquinox tap-water solution is removed. Do not recirculate the tap water.
(13) Repeat steps 8 through 13 using DI water instead of tap water. The DI water may be recirculated after some water has been pumped completely through the line.
(14) Recoil the pump tubing on its reel.
(15) Wrap the pump in aluminum foil or plastic, if sampling for trace elements, and cover pump tubing reel with a plastic bag.
Quality Control
To assess the quality of analytical data from this study, QC samples were routinely collected and analyzed. These samples collected were in addition to laboratory QC samples, which were routinely analyzed to calibrate analytical instruments, validate analytical data, and compare analyses with other laboratories (described, in part, by Friedman and Erdmann, 1982) . Field QC samples from this study were used to assess the entire process of collecting, handling, shipping, preserving, and analyzing of samples; and the reporting of analytical results. Uncertainty and bias introduced in each of these steps provides information about the overall uncertainty and bias of reported data. This section defines the main types of QC samples used, and the following section summarizes QC data for the analytical schedules used in this study.
Replicates
Samples were (usually 2, or, less often, 3) collected sequentially so they would be expected to be nearly identical in composition. Data from the analysis of the replicate samples were used to assess variability of the overall sampling and analytical process.
The procedure for collecting a replicate sample was to fill a second (duplicate) and in some case a third (triplicate) bottle with sample water. Replicate sample(s) were collected immediately following the regular sample in the same sample collection order (table 1). The filter was changed before the collection of duplicate and again before collection of triplicate samples.
Data from replicate-sample analyses were reviewed by calculating a CV for each analyte, for each set of replicates. For each group of replicate samples, the CV was plotted against the mean. These plots were used to assess how CV's varied as a function of concentration.
For many analytes, CV's showed no relation to concentration. For these analytes, a single, pooled CV was calculated for summarizing data variability.
For some analytes the CV's of a replicate set were large and (or) highly variable at low concentrations, but relatively low and constant at higher concentrations. For these analytes, the replicate data were split into lowconcentration (mean was less than 5 or 10 times the MDL) and high-concentration (mean was greater than or equal to 5 or 10 times the MDL) groups. Separate pooled CV's were calculated for each group. Analytical data commonly are more variable, on a relative basis, at low concentrations (relative to the MDL).
A problem in summarizing variability of data from this study is that low-concentration data often were reported to only one significant figure. This causes highly variable CV's. For example, values of 0.14 and 0.16 would be rounded to 0.1 and 0.2, respectively, producing large relative differences (as indicated by a large CV), although the absolute difference in concentrations is fairly small. Conversely, concentrations rounded to the same value (such as 0.16 and 0.24, both rounded to 0.2) yield an artificially low CV of zero. Pooled CV's were calculated to summarize the variability of each analyte. CV's were squared for pooling, and a weighted mean (weighted to degrees of freedom of each set of replicates) was calculated, as recommended by Anderson (1987, p. 44-45) . The pooled CV is the square root of the weighted mean of the squared CV's. Concentrations reported as less than the MDL were not included in this analysis. Cases in which one replicate group had an unusually high CV, at concentrations greater than 10 times the MDL, were treated as outliers and were omitted from the pooled CV calculation.
Blanks
Blank samples were collected using water that had undetectable concentrations of the analytes of interest. The blank water was processed through all sampling equipment, collected, and sent to the NWQL for analysis to determine if any step of the sample collection or analysis process contaminated the sarmles.
Two types of blank samples were collected. Office equipment blanks were collected in the USGS laboratory in Mounds View, Minnesota to check the sampling equipment for contamination under controlled, indoor conditions. Equipment blanks also were collected in the field, under ambient conditions that could include dust, aerial pesticide spraying, or other potential sources of sample contamination. Distilled "blank" water obtained from the QWSU in Ocala, Florida was used for blank samples for inorganic analyses. HPLC reagent-grade water (Baker Analyzed, J.T. Baker Co.) was used for blank samples for organic chemical analyses. Each lot of blank water used for this study was analyzed by the NWQL. An equipment frank was processed in the USGS laboratory in Mounds View, Minnesota, prior to each field season, so that the results could be reviewed prior to sampling each year. The sample collection order and the type of blank water used for this sampling is listed in table 2.
The following evaluations were made for each analyte in the blank samples:
(1) If an analyte was not detected or was always less than the concentrations in ground-water-quality samples, contamination was presumed to be insignificant; and, (2) If analyte concentrations in QC blank samples exceeded concentrations in any of the ground-waterquality samples, this was considered an indication of a potential contamination problem. Further examination was made to determine the extent of sample contamination. Occasional, low-level blank-sample contamination may be unavoidable for some constituents, and does not preclude usefulness of ground-water-quality data for those constituents. Frequent, high-concentration contamination (concentrations comparable to or greater than those in ground-water-quality samples) indicates a problem in the sample collection and analysis procedures, which may preclude usefulness of data for quantitative purposes.
Ground-Water Matrix Spikes
Ground-water matrix spikes are ground-water QC samples to which known amounts of target analytes have been added. Spiked samples were used to assess bias and precision of pesticide analyses (Schedules 2001 and 2050) . Low recoveries of spiked analytes could indicate degradation of analytes, analytical interference from the sample matrix, and (or) poor analytical recovery. The NWQL assesses the last of these separately with laboratory-control spike samples (Zaugg and others, 1995) .
Replicate, field-collected pesticide samples were spiked with 100 microliters (|iL) of spike solution following collection. The NWQL verified analyte concentrations in spike solutions, which were about 1 nanogram per (iL (ng/|iL) for schedule 2001 and 10 ng/jiL for schedule 2050. The solution was added to the samples using a micropipet fitted with a single-use, disposable, glass capillary tip. Field spike samples, field spike replicates, and lab spike samples were collected, although the last two were not collected with every spike sample. The lab spike was a sample bottle, containing HPLC-grade water, which was taken into the field, opened and spiked, then shipped back to the lab.
Spike-recovery data for each pesticide were analyzed in several steps. First, if the pesticide was detected in a paired ground-water sample, the ground-water concentration was subtracted from the spiked-sample concentration. If QC replicate samples were collected, the mean concentration was used. Next, the concentration was converted to mass of recovered pesticide, divided by mass of added pesticide, and multiplied by 100. Spike-recovery calculations are more accurate if the analyte is at low concentration (or less than MDL) in the ambient ground-water-quality sample. If the amount of analyte in the ambient groundwater-quality sample approaches or exceeds the amount added to QC spiked samples, the spike recovery tends to be masked by uncertainty (imprecision) in the data.
Surrogates
Surrogates are added to samples, in a known amount, to provide a means of assessing analytical recovery for each analysis. Surrogates are chemicals that should have similar properties to the analytes of interest. They should not interfere (or co-elute, as in chromatography) with quantitation of the analytes of interest. In tl is study, surrogates were used only for the pesticide analytical schedules. The surrogates are added to samples immediately prior to extraction, and in tMs study, all extractions of ground-water-quality and QC samples were performed at the NWQL.
Surrogate data are reported as percent recover' of added surrogate. Some researchers use surrogaterecovery data to adjust measured pesticide concentrations to account for low and(or) variable recovery of analytes (measured concentrations are divided by percent surrogate recovery). To assess the usefulness of surrogate data for correcting pestic: de concentrations from this study, linear regression? of spike-recovery versus surrogate-recovery data fo-the matrix-spike samples were examined. The results, not presented in detail herein, showed that surrogate recoveries could be used to adjust measured concentrations of some pesticides.
Summary of Quality-Control Data
This section summarizes ground-water QC dafa collected by the Red River Basin study unit in 1993-95 by laboratory schedule. Timme (1995) documents constituents by schedule number, and gives information about sample bottles used, also see table 1 and table 2. Where available, references to analytical method? are given herein. The references for each of the methods are summarized in table 1. Pritt and Raese (1992) document quality-assurance/quality-control procedures.
Schedule 1369 Radon
Three sets of duplicate samples were collected. The pooled CV for these sample sets is 20 percent. No other QC sampling was done for radon.
Schedule 1810 Radium-226 and Uranium
Three sets of duplicates for radium and five sets for uranium had values greater than their respective MDL's. For radium, two sets of replicates were near the MDL; thus, the pooled CV of 17 percent is influenced by data from low-concentration analyses where data are rounded to one significant figure. Uranium results were reproducible, with a pooled CV of 2.1 percent. These constituents were not detected in blank samples, indicating there was no sample contamination. Table 3 summarizes QC data for trace elements. Blank samples for trace elements are only summarized herein if the source of blank water was the QWSU in Ocala, Florida.
Schedule 1043/2703 Trace Elements
Replicate QC data are limited for trace elements. Most of the data was reported below MDL's. Several trace elements were infrequently detected in ground water therefore only one to four sets of duplicate measurements for each analyte was reported above the MDL. Arsenic, barium, cobalt, molybdenum, nickel, and aluminum occurred in reproducible quantities. Chromium, copper, and zinc had pooled CV's from 0-19 percent at concentrations greater than five times the MDL, at lower concentrations the pooled CV's were substantially greater.
Trace elements in ground-water-quality samples had concentrations reported as less than the MDL. Therefore the presence of trace elements greater than the MDL in blank samples suggests a potential for contamination in low concentration trace element ground-water-quality samples. Several trace elements were not detected in any blank samples. Barium, chromium, and copper were occasionally detected. Zinc and aluminum occurred frequently in blank samples. In some samples, trace element concentrations in QC blank samples exceeded those in many ground-water-quality samples. Maximum aluminum and copper concentrations in QC blank samples exceeded those in ground-water-quality samples thereby precluding quantitative use of data for these elements. A possible source of contamination may be the metallic components of the sampling pumps which contain copper, zinc, chromium, and aluminum. Fine particles derived from aquifer sediments could become entrained in sampling equipment, and cause metal contamination, although the cleaning procedures have attempted to minimize this possibility.
Schedule 2750 Major Ions and Silica
QC data for major ions and silica are summarized in table 4. Manganese was determined by both the trace element and major ion schedules. If both major ions and trace elements were analyzed in a given sample, the manganese value from the trace element analysis w?s used.
Analyses of most major ions were quite reproducible, with pooled CV's of less than 5 percent. Pooled CV's for potassium, silica, and iron (greater than 10 times the MDL) were less than 10 percent. Fluoride, bromide, and low-level iron measurements were more variable.
Potassium and bromide were not detected in any blank samples. Sodium and chloride were infrequently detected, and always at concentrations lower than the minimum concentration detected in ground-waterquality samples. Fluoride was detected in only 2 of 31 blank samples, each time at the MDL of 0.1 mg/L. Sulfate was infrequently detected in blank samples, at concentrations of 0.1 (the MDL) to 0.3 mg/L. Two ground-water-quality samples had similarly low sulfate concentrations (<0.1 mg/L); therefore the potential for sulfate contamination in the ground-water-quality samples was considered quite low. Silica was frequently detected in blank samples, but always at concentrations lower than in ground-water-quality samples. Manganese was a low-level contaminant in 13 of 34 blank samples, with a maximum concentration of 4.0 |ig/L. Sixty-eight of 323 ground-water-quality samples had manganese concentrations less or equal to the highest blank sample concentration.
Iron contaminated three-fourths of the blank samp'es, with a maximum concentration of 27 (ig/L. Seventythree ground-water-quality samples had iron concentrations less than the MDL of 3.0 (ig/L; 134 had concentrations less than or equal to the highest blank sample iron concentration. Thus, iron contamination likely interferes with low-level iron determinations in ground-water-quality samples. A source of iron contamination may be steel components of the submersible sampling pump.
The blank-sample data indicate that the analytical methods are sufficient for higher levels of manganese and iron, and for distinguishing between high-and lowconcentrations. Contamination appears to be insignificant above about 5 (Ig/L for manganese, and about 30 |ig/L for iron.
to to Table 3 . Summary of quality-control data for trace elements Table 4 . Summary of quality-control data for major ions and silica
[Concentrations in milligrams per liter, except iron, which is in micrograms per liter. MDL, method detection limit in milligrams per liter, except for iron and manganese, which are in micrograms per liter; N, number of samples; <, less than; , not detected; CV, coefficient of variation. Replicate data are summarized only where concentrations exceed the MDL. Chloride, bromide, and manganese each had one set of replicates with atypically bad reproducibility; these were treated as outliers and deleted from the summary. For iron, replicate sets were divided into high (greater than 5 times the MDL) and low 
Schedule 2752 Nutrients
QC data for nutrient analyses are summarized in table 5. Replicate nutrient analyses exhibited large ranges in CV's at low (near MDL) concentrations. These large ranges in CV's are partially a result of rounding to one significant figure at low concentrations, as discussed earlier. Absolute differences in concentrations were generally small. Nutrient analyses were more reproducible, as indicated by CV's, at concentrations greater than or equal to 10 times the MDL. Nitrite plus nitrate, and nitrite, which was infrequently detected, had pooled CV's of less than 10 percent. The other nutrients were split into low-and high-concentration groups (less than 10 times the MDL, and greater than or equal to 10 times the MDL, respectively) for summary. Analyses of high-concentration samples were the most reproducible. Low-concentration replicates showed fairly large CV's, although absolute differences in concentration were fairly small.
In general, QC blank samples for nutrients had little or no detectable contamination. Ammonia plus organic nitrogen was not detected in any blank samples. Nitrite and orthophosphate were infrequently detected at the MDL. Nitrite plus nitrate and dissolved phosphorus were detected infrequently, and at concentrations near the MDL. Ammonia was detected frequently at levels ranging from 0.01 mg/L (the MDL) to 0.04 mg/L. This low level of contamination was observed by the NWQL in routine ammonia analyses. Therefore, low-level (less than about 0.05 mg/L) measurements of ammonia are subject to contamination.
Schedule 2001 Pesticides
Schedule 2001 pesticides, determined by the method of Zaugg and others (1995) , were infrequently detected in ground water in this study. Replicate QC data are insufficient to characterize variability in these data; see the section on Ground-Water Matrix Spikes. Sixteen QC blank samples were collected. Atrazine was the only pesticide detected (in a single sample at a concentration of 0.012 jig/L). The ground-water-quality sample collected directly prior to the collection of this blank sample had no detectable atrazine; therefore, it is unlikely that the contamination of this blank was due to crosscontamination from sampling equipment.
QC spike data, summarized in table 6, were used to assess recovery of pesticides added to ground-waterquality samples. Most pesticides had mean recoveries between 75 and 110 percent. Exceptions are desethylatrazine, benfluralin, p,p '-DDE, malathion, methyl parathion, metribuzin, pendimethalin, cispermethrin, phorate, terbacil, and trifluralin.
The variability of pesticide data, indicated by the standard deviation and CV of spike-recovery data, varies among compounds. For many compounds, variability is relatively low (CV less than 20 percent). Highly variable recoveries (CV greater than 40 percent) were observed for terbacil, disulfoton, carbaryl, propargite, azinphosmethyl, and cw-permethrin. One spiked sample was omitted from the calculation of atrazine recovery because the paired ground-water-quality sample had a high atrazine concentration relative to the amount added to the spiked sample. Acetochlor was not analyzed during the early part of this study, and was spiked in only two samples.
In describing this method, Zaugg and others (1995) reported highly variable recoveries for carbofuran, carbaryl, terbacil, and azinphos-methyl. When detected, concentrations of these compounds are now reported as "estimated". Two of the compounds we found to have poor performance from the Red River Basin spike recovery data (propargite, high variability; and cispermethrin, low recovery and high variability), but were not noted as problematic by Zaugg and others (1995) .
Three surrogates were added to every pesticide schedule 2001 sample as a means of assessing method performance for every analysis. Recovery statistics for these compounds, for 182 regular and replicate groundwater samples, are presented in table 7. Surrogate recoveries were typically good (close to 100 percent). Concentrations of pesticides in ground water were not corrected for surrogate recovery.
Schedule 2050 Pesticides
Schedule 2050 pesticides determined by the method of Werner and others (1996) were infrequently detected in ground water in this study. Reproducibility is assessed with spiked samples, discussed below. None of the analytes were detected in any of the 17 QC blanl samples collected for this schedule.
Not all schedule 2050 pesticides were in eacl spike solution used during this study. Thus, spike datr (summarized in table 8) are limited, especially for some analytes. Of the 31 compounds that were spiked in at least five samples, 17 had mean spike recoveries between 60 and 105 percent. Recoveries of schedule 2050 pesticides tended to be more variable than for schedule 2001 analytes, and were occasionally very low including a few recoveries of zero percent. Of the 31 compounds considered, CV's ranged from 18 to 164 percent. CV's were less than 30 percent for only 9 of the 31 conpounds. CV's exceeded 50 percent for 10 of the 31 compounds, indicating highly variable recoveries. Dicamba had good recoveries in 5 of 8 spiked samples (mean=82 percent), but low recoveries in 3 of 8 spiked samples (mean=10 percent). Oxamyl had consistent recoveries in 5 of 7 spiked samples (mean=21 percent), but very low recoveries in 2 of 7 spiked samples (mean=2.9 percent). Picloram had good recoveries in 3 of 5 spiked samples (mean=69 percent), but recoveries of zero and 31 percent in the other 2 spiked samples. Bromoxynil, methomyl, and DNOC recoveries were good in 6 of 7 samples (mean=84, 64, and 67 percent, respectively); these compounds were not recovered in one spiked sample. Mean recovery of aldicarb in 6 of 9 spiked samples was 54 percent, and was 15 percent in 3 of 9 spiked samples. Mean recoveries of 2,4-DB in 7 of 9 spiked samples was 52 percent, but in 2 of 9 spiked samples was 20 percent.
Analyzing a larger data set of laboratory-control spiked samples and field-submitted spiked samples, the NWQL found that recoveries usually were fairly good, but substantially more variable than for the schedule 2001 method (Werner and others, 1996 ; U.S. Geological Survey, internal memorandum, NAWQA/NWQL Quality Assurance Committee for Schedule 2050/2051 Pesticide Method, Dec. 1, 1995). Method performance varied by analyte, and by time period for each analyte. During some time periods, recoveries of certain analytes were highly variable, including recoveries of zero percent for a small percentage of spiked samples. The NWQL considers analytical data for compounds that had low and(or) highly variable recoveries to be appropriate only for qualitative purposes. These compounds include 1-naphthol, chlorthalonil, dichlobenil, DNOC, and esfenvalerate. In addition, aldicarb sulfone, aldicarb sulfoxide, carbaryl, MCPB, methiocarb, and oxamyl had low and(or) highly variable recoveries in QC spiked samples from this study.
The main concern over low recoveries is that of lo^v-biased data, including false negatives (compounds that are in a sample at concentrations greater than the detection limit, but which fail to be detected because of analytical problems). Concentration ranges and frequencies of detection are potentially low-biased fcr such compounds, although the extent to which this is a problem cannot be determined because "true" concentrations are unknown.
The problem of false negatives is likely to be more widespread than the opposite situation of false positives (where a detection is reported when the "true" concentration is less than the MDL). The NWQL is highly confident that when a compound is detected at concentrations greater than the detection limit, the compound has been properly identified and quantified.
Two surrogates were initially used for this method. Toluic acid was removed from the method because of poor recovery. The remaining surrogate, BDMC, had a mean recovery of 54 percent (range: 0-138 percent; standard deviation: 30 percent) in 170 samples from this study.
Schedule 2085 Dissolved Organic Carbon
DOC analyses were usually highly reproducible (pooled CV=5.5 percent). One set of replicates was omitted from the calculation because it was an outlier (variability in that set was much greater than the remaining sets of replicates).
All QC blank samples were contaminated with DOC. Although the range of DOC concentration in blank samples (0.1-63 mg/L) was similar to that of groundwater-quality samples (0.3-70 mg/L). Seventy-five percent of the DOC concentrations in blank samples were less than or equal to 0.8 mg/L; in contrast, 90 percent of the ground-water-quality samples exceeded 0.9 mg/L. Blank samples tended to have lower DOC concentrations. Thus, DOC sample contamination, presumably from sampling equipment, potentially interferes with its accurate determination at low levels in ground water (less than about 1 mg/L). While effective at minimizing cross contamination for many constituents (for example, pesticides and nutrients), the cleaning procedures, which use liquid detergent, may have contaminated the sampling equipment with DOC. Sampling equipment was initially cleaned daily in the field with liquid detergent. All equipment was rinsed with DI water after cleaning. When contamination vas discovered, the DOC barrel filter was no longer washed with detergent. It was rinsed with DI water and wiped dry with powder-less laboratory tissues. This change in procedure did not yield noticeably lower DOC concentrations in blank samples. The contamination could have been coming from any of the sampling equipment, the pump, the manifold, or the tubing.
It is likely that DOC contamination from detergent is much greater in QC blank samples than in groundwater-quality samples. QC blank samples are collected immediately after cleaning the equipment, with only a small quantity of water being "wasted" prior to samole collection. In contrast, the large volume of ground water pumped through the sampling pump, tubing, and equipment while purging the well and monitoring fbld parameters before collecting the ground-water-quality DOC sample, provides a more effective rinse.
Schedule 2090 Volatile Organic Compounds
VOC samples (ground-water-quality and QC) were infrequently collected in this study. One QC blank sample was collected using organic-free blank wate~. Chloroform was the only analyte detected; its concentration was 0.4 |lg/L, which is twice the MDL.
One QC sample of DI water, from the USGS laboratory in Mounds View, Minnesota, was analyzed to determine possible VOC contaminants. This sample, contained the following VOC's (concentrations in |lg/L): dichlorobromomethane (1.0), chlorodibromomethane (0.7), chloroform (1.5), 1,2-dichloropropane (0.3), and toluene (0.3). The first three chemicals are trihalomethanes, or THM's, and are frequent contaminants in chlorinated municipal water supplies. 1,2-dichloropropane and toluene are common industrial solvents. Based on this sample, minimal o-no contamination of sampling equipment from DI water is expected for most analytes. All of the compounds detected were less than 10 times the MDL of 0.2 (ig/L. Because the sampling equipment is thoroughly purged when sampling wells, such low-level contamination of DI water would probably not impart detectable quantities of VOC's to ground-water-quality samples.
To summarize, data from quality-control samples collected throughout this study show that for most constituents, the sampling and analytical procedures yield reproducible data. Bias from sample contamination is minimal or nonexistent for most constituents. Some constituents were detected in QC blank samples at low levels, comparable to lowconcentration ground-water-quality samples.
QC blank-sample data indicate problems for some constituents. Aluminum, copper, and DOC concentrations in QC blank samples overlapped with those in ambient samples. True concentrations of these constituents in ground water may be less (perhaps substantially less) than reported concentrations. The greater volume of water flowing through the sampling equipment likely minimizes DOC contamination in ground-water-quality samples compared to QC blank samples, which are collected directly after cleaning.
Systematic bias from poor analytical recovery is minimal for most pesticides. Schedule 2001 tends to be accurate and reproducible for most compounds; exceptions are carbofuran, carbaryl, terbacil, and azinphos-methyl (Zaugg and others, 1995) . Variable propargite recoveries, and low, variable cis-permethrin recoveries in spiked samples from this study were observed.
Schedule 2050 typically yields lower, more variable analytical recoveries than schedule 2001. Occasionally and sporadically, very low (including zero percent) recoveries were observed in schedule 2050 analyses. Schedule 2050 data for pesticides in ground water are therefore possibly low-biased, and may include false negatives. The following pesticides were poorly quantified by schedule 2050, and are only appropriately analyzed for qualitative purposes: 1-naphthol, chlorthalonil, dichlobenil, DNOC, and esfenvalerate (Werner and others, 1996) . In addition, aldicarb sulfone, aldicarb sulfoxide, carbaryl, MCPB, methiocarb, and oxamyl occasionally had low and(or) highly variable recoveries in spiked samples from this study.
Supplemental Information
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The following is a complete list of the equipment used for ground-water sampling by the Red River of the North Basin NAWQA study unit.
Sample Collection Equipment Garden hose
